A key challenge for organic electronics research is to develop device models which correctly account for the structural and energetic disorder typically present in such materials. In this paper we report a new approach to analyse the electrical performance of an organic electronic device based upon charge extraction measurements of charge densities and transient optoelectronic measurements of charge carrier dynamics. This approach is applied to a poly(3-hexyl thiophene)/PCBM blend photovoltaic device. These measurements are employed to determine the empirical rate law for bimolecular recombination losses, with the energetic disorder present in the materials being accounted for by a charge density recombination coefficient. This rate law is then employed to simulate the current / voltage curve. This simulation assumes the only mechanism for the loss of photogenerated charges is bimolecular recombination, and employs no fitting 
Introduction
Organic semiconductor materials are attracting huge interest on account of their application to low cost microelectronic and optoelectronic devices. However, the detailed physical understanding of organic semiconductor devices still lags behind their application, on account of fundamental differences in the optoelectronic properties of these new materials compared to conventional semiconductors, and this lack of understanding limits the scope of material and device design. Amongst the most important features that distinguish organic semiconductor devices from inorganic semiconductor based devices are that organic semiconductor materials are typically electronically disordered, dispersing the rates of charge transfer and transport processes and that the organic semiconductor is usually not doped, thus precluding the conditions which allow charge dynamics to be linearised in the description of device physics(1).
The need for appropriate device physics for organic semiconductor materials is of particular relevance to the organic bulk heterojunction solar cell (Fig. 1) . In these devices, photogenerated charge pairs at the interface between donor and acceptor phases must separate and be transported to opposite electrodes in order to generate a photocurrent (2, 3) . Devices made from poly-3-hexylthiophene (P3HT) and 6, 6 phenyl C61 butyric acid methyl ester (PCBM) have achieved power conversion efficiencies of ~ 5% (4) but efficiencies up to 10% are considered possible if new materials and device designs can be developed (5) (6) (7) . Such improvements in performance have so far been hindered by a lack of proven device design principles. Until now, drift-diffusion models based on classical semiconductor physics (8, 9) have generally been used for device simulation. However, such models fail to explain several features of the observed J-V performance, in particular the relatively strong dependence of photocurrent on bias in the operating regime, which leads to a low device fill factor. This effect has been attributed variously to an electric field dependent charge pair generation rate, (10) (11) (12) to a light dependent parallel resistance (13) and to the effect of a superlinear dependence of recombination rate on charge density. (14) In addition, in most models to date disorder has largely been ignored. However, we have previously shown that due to energetic disorder in P3HT both the bimolecular recombination 3 coefficient and the charge carrier mobility for P3HT:PCBM devices are carrier density dependent (15, 16) , which emphasizes the importance of treating disorder when considering these and other similarly disordered devices (17) .
In this paper we present a new experimental methodology for determination of the empirical relationship between charge density and applied light and electrical bias in a working organic device, and we show how analysis of the data so produced reveals the nature of the optoelectronic processes that control device performance. We further show how this analysis allows the J-V curve of an organic solar cell to be predicted from experimental observation of the bias dependence of charge density and the empirical determination of a rate law for bimolecular recombination with a charge density dependent recombination coefficient k(n), without any fitting parameters. The analysis shows, moreover, that bimolecular recombination is sufficient to explain the observed device J-V behaviour over the entire photovoltaic operational regime.
------<<<Figure 1>>>-----
Background
In the design of organic semiconductor materials and devices, we want to be able to predict the current density -voltage (J-V) behaviour of a device from details of the device structure and material parameters. The current density J in a semiconductor opto-electronic device in the steady state is controlled by the continuity equation, which relates J for electrons or holes to the volume photogeneration rate G and the volume recombination rate R. For electrons,
where e is the electronic charge and x is position. For conventional semiconductor devices, it is usual to solve equation (1) given functional forms for G in terms of light bias and position and for J and R in terms of charge carrier density n. The J-V response is then obtained from given relationships between the charge density at the electrodes and the potential difference V between them. In organic semiconductor devices, the functional forms for G, R and J are, in general, not known. In particular, G is the product of photon absorption, which is influenced by optical interference on typical device length scales, and charge separation efficiency, which is a function of local phase microstructure and 4 interfacial energetics (18) . R is generally non-linear in charge density, because of disorder in energy levels and because the organic material is not normally doped and it is also influenced by the phase microstructure (16, 19) . The current density J is again a non-linear function of n, as a result of the charge carrier density dependence of mobility, again attributable to energetic disorder.
. (14) Thus for organic semiconductor devices, the n dependence of the terms in equation 1 is in general not well understoond, and is moreover a function of the specific electronic structure and microstructure of the materials.
Determining the origin of the J-V behaviour is clearly a prerequisite for improving material and device design, but requires determination of J(n), R(n) and n(V) for a given device. In this paper we present a strategy for measuring these relationships from in situ transient optoelectronic analyses of an operating organic photovoltaic device. Despite these data providing clear evidence for the presence of non linear effects of disorder on the electronic properties, we demonstrate that this analysis can be successfully related to a simple device model.
Results and Discussion
For the results we report herein, we employ a typical organic solar cell based upon a P3HT : PCBM blend film, this being the most widely studied materials combination for organic photovoltaic devices, although we have already found our analysis procedure to be equally successful when applied to a range of other organic photovoltaic devices, as we discuss further below. Fig. 2(a) ) and as a function of light intensity over a range of 0 -3 suns ( Fig. 2(b) ). The observed charge densities are too large to be assigned to electrode capacitive charge (21) and instead can be assigned to charge density in the polymer : fullerene photoactive layer 5 generated by charge photogeneration and injection from the electrodes. This charge density will include both mobile and trapped charge in the active layer. (15) ------<<<Figure 2>>>-----It is apparent that n is strongly dependent not only on light intensity, but also cell voltage. We note that even in the dark, the charge density in the photoactive layer increases rapidly with cell voltage, assigned, as we have discussed previously, (15) to electron injection from the device electrodes. For a given light intensity, as the cell voltage is increased towards open-circuit the charge density increases.
As the light intensity is increased, the dependence of n on V reduces, indicated by the reducing slope of log n against V. The continual increase of n with V is in stark contrast to the limit of conventional, doped semiconductor devices (which we will refer to as the Shockley limit) where n remains independent of V up to within a few k B T of the open circuit voltage V OC and then increases with a Boltzmann like form (also shown in Fig. 2(a) ). A dependence of n on V at low V could result from a strong drift component to the photocurrent, or from an exponential tail in the density of states (DoS) due to intraband trap states in an energetically disorder medium which reduces the dependence of the charge carrier density at the electrodes on V (see Supporting Information) or both. However, the reducing slope of log n against V as light intensity increases cannot be explained by a drift current component alone and suggests a tail in the DoS, which in turn indicates energetic disorder. It is also apparent that the charge density in the dark follows a greatly reduced dependence on cell voltage when compared to a Boltzmann like form of n dark (V), which is a further indication of strong disorder. This behaviour is consistent with our previous observations that both the bimolecular rate coefficient, k, and polaron mobility measured in P3HT : PCBM devices are strongly dependent upon charge density, (15, 16, 18, (22) (23) (24) and that these dependencies can understood in terms of trapping / detrapping dynamics in the presence of energetic disorder. (25) Consideration of the measured n (V,I) data is thus clearly useful in analysing the internal mechanisms within the device, and in particular the role of energetic disorder. Although the measurements are straightforward, no such information or analysis has previously been presented. The data immediately
show that the Shockley model with linearised recombination and a Boltzmann like dependence of n on 6 V is not appropriate. Unlike the Shockley limit it is clear that it is not possible to express n as the sum of light intensity and bias dependent parts. This implies that linear superposition of dark current and photocurrent is not expected to apply (see Supporting Information), and instead will overestimate J(V) and the fill factor. This could explain why fill factors greater than 70% are yet to be achieved for P3HT:PCBM devices.
Now we explore whether the observed dependence of n on V and light intensity is consistent with bimolecular recombination being the dominant loss process in the device. To do this we use CE to
measure n at open circuit, oc n , for each light intensity and we use the transient photovoltage method previously reported (15, 24) to measure the bimolecular recombination rate constant k at that point. We find, as previously, a power-law dependence of k on n of the form k ∼ n φ-2 (where φ = 2.55 for the device studied herein). We note that our observation of a non-linear rate law for charge carrier decay in P3HT / PCBM solar cells has recently been reproduced by two other groups, employing different experimental techniques (26, 27) . Comparison with transient absorption data collected in the presence and absence of a top metal electrode has allowed us to assign the non-linear rate law behaviour to bimolecular recombination with a charge density dependent bimolecular recombination coefficient,
The power-law behaviour can be explained in terms of a tail in the DoS of the polymer (25) and in P3HT:PCBM blends in particular, the exponent of k(n) depends upon the crystallinity of the P3HT in the photoactive layer (15, 28) . Although the dependence of k on the average charge density n does not necessarily reflect the local dependence of R on n, at open circuit the spatial variation in n can be reasonably neglected. Making this approximation, the recombination current density J recom becomes ( )
where d is the active layer thickness and, R represents the spatially averaged recombination rate. As both the charge density and recombination coefficient are influenced by charge trapping, then treating J recom in this manner allows the effects of disorder to also be included. In Fig. 3 
Here we again apply the approximation that
(where p is the hole charge density. Whilst this approximation is not expected to be valid as V tends towards 0 due to spatial gradients in n under current flow, the value of the recombination term becomes negligible relative to J sc in this limit, so the approximation can be used. The treatment implies that R depends only on n , irrespective of the origin of the charges. This simplification is justified by our observation of the same empirical rate law under forward bias in the dark and under illumination at V OC (15, 24) . We emphasis that the key assumptions of this analysis are that charge photogeneration is voltage independent, and that the bimolecular recombination flux depends only upon the total charge density in the active layer of the device, independent of whether this charge is light generated or electrically injected. As we show below, the success of our analysis indicates that both assumptions are correct.
Using equation (3) and the n (V,I) data in Fig. 2 , we reconstruct the J-V curve for several different light intensities and compare with measured J(V) data in Fig. 4 . The reconstructed J-V curves neglect possible contributions from alternative loss processes such as shunts and electric field dependent charge generation. Considering the simplicity of the model, and lack of fitting parameters, the agreement between the simulations and the experimental data is remarkable. The model gives fill factors which are 8 within 5% of experimental values and reproduces the negative dependence of the fill factor on light intensity. In contrast to many previous analyses of such J-V curves (8, 29, 30) this analysis involves no fitting parameters but is based on independent measurements of the charge densities and recombination rates. The same procedure was applied to a range of P3HT:PCBM based devices, all exhibiting rate laws for bimolecular recombination, and led to excellent agreement between reconstructed and measured J-V data in each case. This agreement indicates that, at least for the annealed P3HT:PCBM devices studied here, the shape of the J-V curve, and therefore both the device open circuit voltage and fill factor, are primarily determined by bimolecular recombination.
------<<<Figure 4>>>-----
The measured and reconstructed J-V data reflect the dependence of n on V and I remarked upon in Fig.   2 above. The continual increase in n with V leads to a steady increase in J recom as V increases from zero towards open circuit and thus to a sub-ideal fill factor. The analysis thus provides a physical basis for the observed non-ideal fill factor, which had previously been assigned without any detailed mechanism to a photoshunt (31, 32) or electric field dependent generation (29, 33) . Likewise, the intensity dependence of n (V) leads to different fill factors at different light intensities and so to the failure of superposition as well as the elimination of a field dependent generation term. We thus conclude that the fill factor of the J-V curve for P3HT:PCBM devices primarily results from the direct competition between the transport of charges to the electrodes and the bimolecular recombination of opposite charge carriers during transit, and that at open circuit the charge density is sufficiently large that the recombination current completely cancels the photocurrent. For devices which have good selectivity for charge collection at the electrodes (efficient blocking layers) and do not exhibit an electric field dependent charge generation process, bimolecular recombination is likely to provide the fundamental limitation to the current-voltage response. Our conclusion that the fill factor for the annealed P3HT:PCBM devices studied herein is controlled by bimolecular recombination could explain the high efficiencies that are obtainable for optimised P3HT:PCBM solar cells(4).
We further note the bimolecular recombination coefficient k for such P3HT:PCBM devices has been determined to be orders of magnitude lower than that expected for Langevin recombination, leading to 9 suggestions that bimolecular recombination does not limit device performance for such devices (19) .
The work presented herein clearly indicates that despite the relatively low value for k, the charge densities present in the device while under operation are sufficiently large for bimolecular recombination to be the dominating loss pathway in these devices. We also highlight that contrary to current device models, our analyses do not require knowledge of the charge carrier mobilities, with our measure of charge density in effect encompassing the effect of carrier mobility. This is advantageous due to the difficulty in undertaking in-situ measurements of mobility in functioning opto-electronic devices.
We have shown that bimolecular recombination losses are the primary determinant of the shape of the J-V curve for P3HT:PCBM devices over the operating range of the device. They do not, however, have a significant impact upon device J SC . Our simulations indicate that, due to the relatively low charge densities present in the photoactive layer at short circuit, the bimolecular recombination flux is negligible under these conditions, with rather geminate (or monomolecular) recombination being the dominate loss pathway at short circuit. This conclusion is also consistent with the observation that J SC increases linearily with light intensity in such devices. Indeed, as we and others have discussed elsewhere, geminate recombination losses can be the primary determinant of charge photogeneration efficiency, and therefore J SC , in such devices (18) . We only conclude that such geminate recombination losses, if present in P3HT:PCBM devices, are not strongly dependent upon voltage or light intensity over the device operating range studied herein. It is furthermore apparent that, even for the device studied herein, the simulated J-V data slightly underestimate the loss in device current as the voltage is increased. This suggests that another voltage / light intensity dependent loss mechanism(s) is also be present. These deviations could result from a minor electric field dependence of charge generation or from light dependent leakage resulting from a photoconductive shunt pathway between partially selective device contacts. However we emphasize that over the device operating range considered, these deviations constitute less than 10 % of J SC , and thus that these additional loss pathways are not the primary determinants of the device fill factor and V OC for well optimized (annealed) P3HT:PCBM cells.
The results shown herein were obtained from a single P3HT :PCBM device. However our analysis, and specifically the reconstruction of the J-V curve were successfully repeated for other P3HT:PCBM devices, including both those made in house and externally. Moreover we have extended these studies to other polymer / PCBM blend solar cells, including those employing the donor polymers poly(3-hexylselenophene) and the low band gap co-polymer, PCPDTBT. In all cases, reconstructed J/V curves determined from the analysis reported herein were found to be in remarkably good agreement with the experimental J/V curve, suggesting that our analysis and conclusions may find applicability to a broad range of organic photovoltaic devices.
In this paper, we have demonstrated a new approach to analyse the performance of organic optoelectronic devices in the presence of disorder. By focusing on empirical measurements as a function of charge density, we are able to elucidate the key features of the underlying device physics even in the presence of significant disorder, and without the use of any fitting parameters.
Methods
To determine the charge densities present in the active layer of the device we employ a simple charge extraction measurement, following procedures we have detailed previously (15) . The solar cell is initially held at a fixed point on the device J-V curve, either in the dark or under illumination, and then is switched to short circuit (zero bias) while at the same time the light (if any) is switched off (24) . The switch to short circuit creates a current transient as the cell discharges. When recombination losses during this charge extraction are small enough, (see below) the integral of this current transient is a measurement of the excess charge in the cell under the J-V condition specified before the switching.
The charge extracted will also include the charge resident on the electrodes. Thus, all CE data presented herein has been corrected for this capacitive charge using an estimate for the geometric capacitance (C = 3 nF, using ε = 3.8, d = 230 nm and A = 0.2 cm 2 ). Due to incurred charge carrier losses during the charge extraction transit time, the CE data provides an underestimate for the charge present in the active layer and thus we employ an algorithm based on our studies of the charge carrier dynamics at V oc to make a correction for these charge carrier losses. Previously, we have demonstrated that the charge densities determined using charge extraction for annealed P3HT:PCBM devices under light bias conditions are in excellent agreement with an analogous differential charging procedure (24) . This provides strong support that the charge densities are correctly determined using this simple charge extraction technique. We have also previously shown that, for such devices, the charge extraction collection times are an order of magnitude faster than the corresponding carrier lifetimes, 15 which
indicates any charge losses due to recombination are expected to be small.
For the charge extraction studies reported herein, illumination was provided by ten 1 W white LEDs and d is the active layer thickness. In Fig. 2(a) we have also plotted the charge density present in the device under the Shockley limit, which shows that for cell voltages well below V OC the charge density is independent of voltage contrary to our observations for P3HT:PCBM devices. No fitting parameters are used.
